Abstract. One of the most economical approaches for removal of toxic compounds is bioremediation. In the long term, bioremediation is economic and feasible compared to other methods, such as physical or chemical methods. A bacterium that can efficiently reduce molybdenum blue was isolated from polluted soil. Biochemical analysis revealed the identity of the bacterium as Enterobacter sp. strain Saw-1. The growth parameters for optimal reduction of molybdenum to Mo-blue or molybdenum blue, a less toxic product, were determined around pH 6.0 to 6.5 and in the range of 30 to 37 ℃, respectively. Glucose was selected as preferred carbon source, followed by sucrose, maltose, l-rhamnose, cellobiose, melibiose, raffinose, d-mannose, lactose, glycerol, dadonitol, d-mannitol, l-arabinose and mucate. Phosphate and molybdate were critically required at 5.0 mM and 10 mM, respectively. The scanning absorption spectrum acquired to detect the development of complex Mo-blue showed similarity to previously isolated Mo-reducing bacteria. In addition, the spectrum closely resembled the molybdenum blue from the phosphate determination method. Heavy metals, including mercury, copper (II) and silver (I), inhibited reduction. Moreover, the bacterium also showed capability of exploiting the pesticide coumaphos as an alternative carbon source for growth. As the bacterium proved its ability to detoxify organic and inorganic xenobiotics, the usefulness of this microorganism for bioremediation is highlighted.
Introduction
At low concentrations of toxicants, their elimination by means of bioremediation is perhaps the most cost effective approach in the long term. In addition, physical or chemical methods are usually not cost effective to treat diluted toxicants. Organophosphorus (OP) compounds have garnered global attention due to their application in chemical weapons and, chiefly, in pesticides, giving them extremely hazardous properties and making them significant pollutants. Pesticides containing OP compounds are necessary for the majority of agriculture-developing applications. The extensive use or abuse of OP compounds has triggered a number of unwanted outcomes, such as toxicity to humans and environmental pollution problems. It is estimated by the World Health Organization (WHO) that roughly 220,000 deaths and three million cases of severe poisoning globally are caused by exposure to OPs [1] . Numerous enzymes, including xanthine oxidoreductase, sulphite oxidase and aldehyde oxidase, require molybdenum as a cofactor. Its uses in industry are numerous and the element is very important as anti-freeze component of the automobile engine, preventing corrosion of steel alloys. Molybdenum polluting water bodies and soils worldwide chiefly originates from these industries. In the waters of Tokyo Bay in Japan, molybdenum concentrations have been reported to be in the hundreds of ppm. Similar concentrations have been reported in the Black Sea [2] . In agricultural regions in Tyrol, Austria, air pollution containing molybdenum released from industrial gases has contaminated grazing areas of cows, leading to deaths and serious illnesses [3] . In the worst case of molybdenum pollution reported to date, the soil from a molybdenum mine in New Mexico was reported to contain nearly 2,000 parts per million of molybdenum [4] . Like many metal ions they are toxic at concentrations slightly above trace. For instance, the spermatogenesis of fish from the Mekong delta have been demonstrated to be affected by low concentrations of heavy metals, including molybdenum [5] . In addition, at low concentrations molybdenum has been reported to affect the morphology and function of mouse ovarian tissue [5, 6] . Furthermore, ruminants including cows and goats exposed to several parts per million of molybdenum in their diet showed evidence of hypo cuprosis [7] .
It has been demonstrated that in numerous cases, bioremediation of heavy metals and organic pollutants offers an economical approach in the long run, especially at low concentrations [8] . In the case of heavy metal bioremediation through bioreduction, the microorganisms involved could also use other organic xenobiotics as electron donor or growth source, independent of bioreduction [9, 10] . Previously, a molybdenum-reducing bacterium has been shown to grow on a detergent, i.e. SDS, as an optimal carbon source, even though SDS cannot assist molybdenum reduction [11] . This method of microbial-bioremediation that is resistant towards toxicant exposure should be developed in addition to facilitating the agencies and departments related to environmental care and preservation to overcome excessive levels of molybdenum in any medium. More data are needed to identify any molybdenum-reducing bacterium that has tolerance towards a broad type of contaminants, such detergents, nerve agents, drugs and toxic metals.
In this study, the isolation of a coumaphos-degrading molybdenum-reducing bacterium originating from a polluted agricultural soil was determined. The bacterium is expected to be well suited for bioremediation of polluted sites containing molybdenum and the pesticide coumaphos.
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Materials and Methods
Isolation of Molybdenum-Reducing Bacterium
Screening and isolation of Mo-reducing bacteria from soil is straightforward, as the formation of blue colonies on solid media supplemented with molybdenum indicates molybdate reduction. A contaminated agricultural land in Kuching, Sarawak, Malaysia was chosen for the isolation of potential pesticide-degrading and Mo-reducing bacteria. One gram of soil sample, taken in January 2010 at a depth of about 5 cm from the topsoil, was suspended in clean tap water. Then 100 µL was streaked onto low-phosphate molybdate media (LPM, pH 7.0) agar. The LPM mixture was as follows: 3% of (NH 4 ) 2 .SO 4 , 1% of glucose, MgSO 4 .7H 2 O (0.05%) and Na 2 HPO 4 (0.071% or 5 mM) [12] . Plate incubation was performed for 48 hours at ambient temperature. The presence of molybdenum-reducing bacteria was indicated by the appearance of blue colonies. Subsequently, the Mo-blue that had formed diffused into the agar. In order to obtain a pure culture, only the microbial colony with the strongest visible blue intensity was selected to isolate and then restreaked onto the same agar. Growth and reduction in liquid molybdate media was carried out in 100 mL of LPM media (at pH 7.0) by the increase of the phosphate concentration to 100 mM [13] . A single blue colony was added into the high phosphate LPM media and incubated at room temperature. Incubation was carried out for 48 hours via continuous orbital shaking at a speed of 120 rpm. The high phosphate concentrations prevented the production of blue cellular aggregates that complicate cell harvesting, but the Mo-reducing activity was retained [13] [14] [15] .
Identification of the Mo-Reducing Bacterium
Standard biochemical and phenotypical identification and determination of the purely isolated bacterium were carried out based on Bergey's Manual [16] , while the ABIS online system was utilized to interpret the results [17] . In brief, the standard methods include observation of colony shape and size on the nutrient agar plate, Gram staining and motility via the hanging drop method. Oxidase and catalase tests were carried out after 24 h. Other tests included presence of ornithine decarboxylase, detection of arginine dihydrolase activity, lysine decarboxylase detection, β-galactosidase activity detection using the ortho-Nitrophenyl-β-galactoside colorimetric method, positive test for hydrolysis of esculin, nitrate (NO 3 ) to nitrite (NO 2 ) reduction, presence of methyl red, production of indole, acetoin production via the Voges-Proskauer test, tartrate utilization ability of Jordans agar, the release of hydrogen sulfide (H 2 S) through triple sugar iron (TSI) agar, acetate utilization as a carbon source, malonate utilization as a carbon source, citrate utilization as a carbon source, test for the presence of gelatinase via gelatin hydrolysis test for the presence of DNAse or deoxyribonuclease on DNAse agar with methyl green indicator, lipase production using corn oil as a substrate, urease test for media containing 2% urea with phenol red as the pH indicator, detection of deamination of phenylalanine via the phenylalanine deaminase activity, and the final product generated from carbohydrate metabolism such gas production and acids.
Resting Cells Preparation
The cell was initially grown in a 1-L shake flask culture containing high phosphate media (HPM) with a continuous shake at 150 rpm for 48 hours at ambient temperature. The cells containing media were then centrifuged at 10,000 x g for 15 minutes and the pellets were collected and then washed with 20 mL of LPM for several times minus glucose to remove residual phosphate and then resuspended in the same volume of buffer. Then, 180 L was added into each well of a clean microplate, followed by the addition of 20 µL sterile glucose to a final concentration of 1% (W/V) to induce Mo-blue formation. The microtiter plate was then sealed with a sterile and clean sealing tape that permits air exchange (Corning® microplate sealing tape) and then incubated at room temperature. The specific extinction coefficient (EC: 11.69 mM -1 .cm -1 ) was utilized to monitor Mo-blue production at a wavelength of 750 nm in a Microtiter Plate reader (BioRad, Richmond, 153 CA, Model No. 680). Determination of heavy metal effects on molybdenum reduction was carried out in the microplate format as well. The heavy metals tested were copper ion (2+), silver ion (1+), chromium ion (6+) mercury ion (2+), lead ion (2+), arsenic ion (5+), and cadmium ion (2+).
Effect of Pesticides Supplementation as Carbon Sources for Growth
The pesticides utilized in this study were coumaphos, atrazine, imidacloprid, carbofuran, metolachlor, carbaryl, glyphosate, paraquat, dicamba, diuron, diazinon, endosulfan, parathion, simazine and flucythrinate, and were sourced from Pestanal, Sigma Aldrich. Atrazine, diazinon, diuron, endosulfan, parathion, coumaphos, flucythrinate and simazine need to be dissolved in the carrier solvent methanol. 
Statistical Analysis
Values are means ± standard error of three replicates. P < 0.05 was regarded as statistically significant. Graphpad Prism version 3.0 available from www.graphpad.com was utilized for the data analyses.
Results and Discussions
Molybdenum possesses multiple functions in the biological system, especially as a cofactor for several enzymes that are involved in the anabolism and catabolism of biomolecules. Continuous accumulation of this metal exceeding the permissible limit in the body may cause overproduction of free radicals associated with the induction of programmed cell death, which may lead to organ damage. Molybdenum in the form of molybdate is highly toxic unless it is reduced to form heteropolymolybdate and isopolymolybdate complexes, also known as molybdenum blue, which are less toxic and insoluble. This study shows the optimal growth conditions for Enterobacter sp. strain Saw-1 as well as the function of anionic phosphate concentration in the formation of molybdenum blue and the tolerance of this bacteria towards various heavy metals and pesticides.
Molybdenum Reducing Bacterium Identification
Gram staining showed that the bacterium was Gram-negative. It is motile and rod-shaped. The ABIS online software [17] identification results (Table 1) suggested two possible bacterial identities. The first was Enterobacter aerogenes and the second was Enterobacter cloacae, both showing 100% accuracy with 90% homology and 91% homology, respectively. Based on this, however, species level assignment could not be carried out. A molecular technique to identify the bacterium via comparison of the 16srRNA gene is needed in the future. However, at this juncture, based on the biochemical tests alone, the bacterium can be tentatively identified as Enterobacter sp. strain Saw-1. Bacteria from this genus have been demonstrated to be capable of reducing molybdenum. Both of these bacteria, i.e. Enterobacter cloacae strain 48 or EC 48 [13] and Enterobacter sp. strain Dr.Y13 [18] , have been isolated from contaminated soils. Although bacterial growth in a shake flask allows for rapid growth, the use of the microplate method has the advantage that it is simple, is a high-throughput method, and uses less media [19, 20] . Resting cells have been used to characterise molybdenum reduction in EC 48 with satisfactory results [13] . Resting cells have also been utilized in several bacterial heavy metal reduction researches, for example on selenate reduction [21] and on degradation of SDS [22] .
Molybdenum Absorbance Spectrum
The production of Mo-blue shows a distinctive absorption spectrum with a shoulder at a wavelength of approximately 700 nm and a maximum peak between 860 and 870 nm, near the infra-red region (Figure 2) . Even though the optimal absorption wavelength for Mo-blue production is 865 nm, Mo-blue measurement in this work was carried out at 750 nm. At this wavelength, the absorbance value was 30% lower than at 865 nm, however, as cellular absorption at 600-620 nm shows a negligible effect on the measurement at 750 nm, the use of the latter as the default wavelength in the microplate format was deemed adequate [19] . Several studies have been conducted by monitoring Moblue production at a different wavelength, such as 820 nm [23] and 710 nm [13] . The spectrum was extraordinarily similar to the spectrum of the phosphate determination method. The Mo-blue produced from the latter method exhibited optimal absorption reached around 880 to 890 nm with another peak around 700 to 720 nm [24, 25] . We have previously utilized this similarity to propose a hypothesis that an intermediate species, phosphomolybdate, is formed in the entire bacterial reduction phenomenon of molybdenum to Mo-blue. In fact, all of the Mo-blue spectra from numerous other bacteria are very similar, showing the unique spectra mentioned above. The existence of an intermediate species is a common phenomenon in Mo-blue production. For instance, bacterial reduction of chromate from the 6 + to 3 + in both Pseudomonas ambigua [26] and Shewanella oneidensis (previously known as S. putrefaciens) [27] occurred through the presence of the intermediate species Cr 5+ , recognized through spectroscopic analysis and paramagnetic resonance work. 
Optimum Temperature and pH on Molybdenum Reduction
Incubation of Enterobacter sp. strain Saw-1 at various initial pHs ranging from 5.5 to 8.0 showed that pH between 6.0 and 6.5 was optimal (Figure 3) . Analysis of the effect of temperature on molybdenum reduction exhibited that temperatures between 30 and 37 °C (Figure 4 ) were optimal, with no significant difference compared to the other values measured (p > 0.05). In general, both temperature and pH affect enzyme activity, including molybdenum reduction. Deviation from the optimal conditions will affect protein folding and enzyme activity, leading to molybdenum reduction inhibition. The broad optimum conditions exhibited by the bacterium fit exceptionally well to a tropical country like Malaysia having 25 to 35°C as the yearly average temperature [28] . The majority of molybdenum reducers are isolated from tropical soils and display optimal reduction between 25 and 37 ºC [15, [29] [30] [31] [32] [33] with the exception of a reducer that was isolated from Antartica. The
Antarctic bacterium exhibited molybdenum reduction between 15 and 20ºC [34] .
The optimal pH for reduction was observed to be slightly acidic. This is similar to all isolated Mo-reducing bacteria that have been reported, exhibiting optimal conditions from the lowest pH at 5.0 to the highest pH at 7.0 [15, [29] [30] [31] [32] [33] [34] . As the stability and formation of phosphomolybdate are optimal under acidic conditions, determination of optimal pH plays a significant role. The choice of optimal pH needs to take into account both enzyme activity and the stability of the substrate [25] .
Effect of Carbohydrate on Molybdate Reduction
Simple carbohydrates were screened for their electron donor capability. Glucose exhibited the best carbon sources for complementary molybdate reduction, followed by sucrose, maltose, l-rhamnose, cellobiose, melibiose, raffinose, dmannose, lactose, glycerol, d-adonitol, d-mannitol, l-arabinose and mucate.
( Figure 5 ). [12, 13, 28, 35] . The only exception is Klebsiella oxytoca strain hkeem, which has fructose as the best electron donor [30] . Glucose and sucrose are easily assimilable carbon sources. They produce the reducing equivalents NADH as well as NADPH (efficient electron donors, especially for the Mo-reducing enzyme) far easier than other carbon sources [15, 38] through metabolic pathways. This includes glycolysis, the citric acid cycle and the electron transport system.
Effect of Phosphate and Molybdate Concentration on MoReduction
Phosphate anions have been demonstrate to be critical to Mo-blue production.
Based on previous studies, the phosphate concentration required is around 5 mM and lower for optimal Mo-reduction [13, 15, 18, 23, 28, [30] [31] [32] [33] [34] [35] [36] [37] 39] . The result of the present study showed that maximum concentration of phosphate also occurred at 5.0 mM. Concentrations higher than this, especially more than 20 mM, were strongly inhibitory to reduction (Figure 6 ). Glenn and Crane [40] and Shukor, et al. [29] have proposed that high phosphate concentrations inhibit Mo-blue production through affecting phosphomolybdate stability. This is because the complex requires acidic conditions for stability. The high concentration of phosphate anions possibly destabilizes the complex. If the concentration level of molybdenum in the environment exceeds 20 mM it is considered pollutant [4] . Mo-reducing bacteria need to cope with and handle such a high toxic concentration during bioremediation of the metal. The newly isolated bacterium showed optimal reduction at an initial molybdenum concentration of 10 mM, with reduction seen at molybdenum concentrations up to 60 mM, but with a significant reduction of Mo-blue production beyond 10 Mm of molybdate ( Figure 7 ). It is anticipated that reduction at this high level of molybdenum into an insoluble form enables the strain to remediate molybdenum pollution, as stated previously. This is among the lowest optimal concentrations of molybdenum required for optimal reduction. Several Moreducing bacteria show optimal reduction at 15 mM, such as Pseudomonas sp strain Dr.Y2 [36] . Other Mo-reducing bacteria produce optimal Mo-blue at concentrations between 20 and 55 mM, such as EC48 [13] , S. marcescens. Dr.Y9 [12] , Pseudomonas sp. strain Dr.Y2 [36] , S. marcescens strain Dr.Y6 [29] , Serratia sp. strain Dr.Y5 [37] , Enterobacter sp. strain Dr.Y13 [18] , Acinetobacter calcoaceticus [37] , Bacillus sp. strain A.rzi [32] , Bacillus pumilus strain lbna [31] and Serratia sp. strain Dr.Y8 [41] . On the other hand, the highest molybdenum concentration for optimal reduction was 80 mM in Klebsiella oxytoca strain hkeem [30] and E. coli K12 [23] . 
Effect of Heavy Metals
The binding of heavy metals to Mo-reducing bacteria can reduce their metalreducing ability. In this bacterium, mercury, copper (ii) and silver (I) at two ppm inhibited molybdenum reduction by 47.1, 28.4 and 24.4%, respectively ( Figure 8 ). Toxic metal ions such as Hg 2+ , Cd
2+
, Ag 2+ and Cu 2+ are known enzyme inhibitors. They usually target sulfhydryl groups of enzymes [42] . The heavy metal mercury targets sulfhydryl groups and also carboxyl, amide, phosphoryl and amine groups of enzymes. This makes mercury one of the most toxic metal ions [43] . Like mercury, silver binds to thiol groups (-SH) in enzymes. Silver also binds to DNA and RNA, causing indirect inhibition to enzyme production, leading to cessation of metabolism in general [44] . Copper binds with high affinity to cysteine, histidine and methionine residues of enzymes, inactivating them as a result [45] . All the metal ions that have been mentioned in this study are also able to inhibit numerous of the molybdenumreducing bacteria isolated to date (Table 2) . Several works have demonstrated that mercury and copper inhibit the metalreducing enzyme chromate reductase by binding at the sulfhydryl group of the enzyme in the bacteria Bacillus sp. [46] and Enterobacter cloacae strain H01 [47] . The presence of these ions reduces the detoxification of chromium in the environment. Several works [48, 49] have proposed that sites that harbor these toxic metal ions could be remedied by reducing the bioavailability and mobility of these ions. This can be carried out by inclusion of chemical additives such as magnesium hydroxide, phosphate, thiosulphate, manganese oxide, sulphur and calcium carbonate. 
Growth of Enterobacter sp. Strain Saw-1 on Pesticides
In a previous work, a Mo-reducing bacterium showed the capability to detoxify a detergent, i.e. SDS, another toxic xenobiotic. As the bacterium was isolated from a contaminated agricultural soil sample, we monitored the capacity of the microorganism to use pesticides as an electron donor for molybdenum reduction or to degrade pesticides independent of molybdenum reduction. None of the pesticides can assist molybdenum reduction; nevertheless, the bacterium can grow on the pesticide coumaphos ( Figure 9 ). As coumaphos is a toxic pesticide, this bacterium can be a good candidate for pesticide bioremediation, especially coumaphos. However, degradation needs to be confirmed using HPLC analysis.
There are still few studies on coumaphos-degrading bacteria. These include Flavobacterium sp. [50] , Nocardiodes simplex [51] , Pseudomonas monteilli [52] and a microbial consortia [53] . There is still limited reporting on bacteria with dual action that are able to detoxify both xenobiotics and heavy metals at the same time. Thus, the ability of Enterobacter sp. strain Saw-1 in this study could be used as an alternative bioremediation tool for the polluted area.
Figure 9
Growth ability of Enterobacter sp. strain Saw-1 on various pesticides using resting cells in a microtiter plate. The error bars represent mean ± standard deviation (n = 3).
Conclusion
A bacterium capable of reducing molybdenum and detoxifying coumaphos was successfully isolated. A slightly acidic condition was needed for optimal reduction. In addition, the bacterium was able to reduce molybdenum in a broad range of temperatures. The best carbon source or electron donor for supporting molybdate reduction was glucose. The most critical requirement was a phosphate concentration of 5.0 mM. The Mo-blue absorption spectrum from this bacterium was similar to that of previously isolated Mo-reducing bacteria, resembling a reduced phosphomolybdate. The bacterium was identified as Enterobacter sp. strain Saw-1. The heavy metals mercury, copper and silver, inhibited molybdenum reduction. The capacity of this microbe to remove a number of contaminants is a desired property, making the microbe an essential instrument for xenobiotic detoxification and environmental rehabilitation. At present, efforts are done to purify the Mo-reducing enzyme, to determine the pesticides biodegradation parameter and to confirm degradation via HPLC analysis.
